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Strong and Yukawa two-loop contributions to Higgs scalar boson self-energies and
pole masses in supersymmetry

Stephen P. Martin
Physics Department, Northern Illinois University, DeKalb IL 60115 USA
and Fermi National Accelerator Laboratory, PO Box 500, Batavia IL 60510

I present results for the two-loop self-energy functions for neutral and charged Higgs scalar bosons
in minimal supersymmetry. The contributions given here include all terms involving the QCD cou-
pling, and those following from Feynman diagrams involving Yukawa couplings and scalar interac-
tions that do not vanish as the electroweak gauge couplings are turned off. The impact of these
contributions on the computation of pole masses of the neutral and charged Higgs scalar bosons is

studied in a few examples.
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I. INTRODUCTION

The small ratio of the electroweak symmetry breaking
scale to other possible energy scales, including the Planck
scale, is one of the most important puzzles in high-energy
physics today. This hierarchy is stabilized by low-energy
supersymmetry[1-3], but only if it is within discovery
reach of the Large Hadron Collider (LHC) and subject to
detailed study at a future TeV-scale eTe™ linear collider
(LC). It is a pleasant feature of supersymmetry that the
Higgs sector is both perturbatively calculable, and highly
sensitive to radiative corrections at least at two-loop or-
der. The precision of measurements at the next gener-
ation of high-energy physics experiments will therefore
allow precision tests of theoretical model frameworks for
low-energy supersymmetry. For example, the mass of the
lightest neutral Higgs scalar boson, h°, may be obtained

at the LHC with an uncertainty of perhaps 100-200 MeV
[4], and about 50 MeV at a LC [5]-]7].

Much work (see for example [8]-[36] and references
therein) has already been done on radiative corrections
to electroweak symmetry breaking in supersymmetry and
on the related problem of evaluating the physical masses
of the Higgs scalar bosons. The effective potential for
the minimal supersymmetric standard model (MSSM)
has now been evaluated at two-loop order [30, 31]. In
addition to allowing an accurate implementation of elec-
troweak symmetry breaking in the MSSM, this allows a
calculation [32] of the physical mass of the lightest neu-
tral Higgs scalar, incorporating the complete one-loop
results and all two-loop results in the effective potential
approximation. This means that the two-loop self-energy
contributions to the pole mass are estimated by setting
the external momentum invariant equal to zero, instead
of evaluating them at the pole in the renormalized propa-
gator. This can be a good approximation for the lightest
Higgs scalar, h°, since it is much lighter than most of
the virtual particles propagating in loops, in particular
the top quark and the squarks. However, the error made
in doing so is still significant compared to the eventual
experimental uncertainty in the mass of a light Higgs
scalar boson, as we will see below. Also, it is gener-
ally not a valid approximation for the other Higgs scalar
bosons HC, A°, H* especially in the limit that they are
heavy. In order to adequately compete with the accu-
racy that can be obtained at the LHC and an LC, it will
probably be necessary to have the complete momentum-
dependent set of corrections to the two-loop self energy,
and the leading three-loop contributions in the effective
potential approximation, at least for h°.

In this paper, I extend previous work by presenting an-
alytical expressions for some of the leading contributions
to the two-loop self-energy functions for the Higgs scalars
in the minimal supersymmetric standard model. My
calculations use the mass-independent DR scheme [37]
based on regularization by dimensional reduction [38]. Of
course, these results should eventually agree with calcu-
lations done in the on-shell type schemes for all questions
posed in terms of physical observables, up to corrections



of higher order. As a matter of opinion, I find the calcula-

tions in the DR scheme to be simpler than in the on-shell
schemes, and more flexible in the sense that they can be
performed once for generic field theories and then ap-
plied to all kinds of special cases. (In on-shell schemes,
the organization of the calculations depends on a special
choice of observable input parameters; this choice will
be different for different particles and for different the-
ories.) Indeed, the results presented below rely on cal-
culations already performed in a generic renormalizable
quantum field theory in ref. [39]. In that paper, formu-
las for the two-loop scalar self-energy diagrams involving
up to two gauge couplings were presented in terms of a
minimal basis of two-loop integrals. Explicit definitions
and procedures for the efficient numerical evaluation of
these basis integrals® are described in ref. [40, 41]. Com-
parisons with the predictions of specific models for very
high-energy physics and supersymmetry breaking will re-
quire the evaluation of DR scheme parameters, by global
fits of many observables to data.

The objects of interest in this paper are the one-loop
and two-loop contributions to the self-energy function
matrices for Higgs scalar fields ¢;:

1 1
H(l)(s) + 71_[(-2-)(8) +...

Hij(s):167_r2 ij (1671'2)2 ij

, (L1

as functions of the squared-momentum invariant
5= —p° (1.2)

using a metric of signature (—+++). Here s is always
given an infinitesimal positive imaginary part to resolve
branch cuts above thresholds. Then the gauge-invariant
[47]-[50] complex pole masses of the Higgs scalar bosons,

sp = M? — il M, (1.3)
can be found by iteratively solving the equation
Det [(m — s)8i; + ILij (si)] =0, (1.4)

where the m? are the tree-level renormalized running

squared masses. Here, the self-energy function must be
evaluated in the sense of a Taylor series around a nearby
point on the real s axis; in other words, the self-energy
and its derivatives are first evaluated for s with an in-
finitesimal positive imaginary part, and this data is then
used to construct a Taylor series expansion for complex
s. This is necessary because the imaginary part of the
pole mass is negative, while the imaginary part of s is al-
ways positive. One representation of the solution, which

1 The basis integrals are renormalized versions of the ones whose
recursion relations were worked out in [42] and implemented in
[43]. The strategy for their evaluation in [40] (soon to be im-
plemented in a computer program package [41]) is similar to the
one put forward earlier in [44]. Some other useful two-loop self-
energy basis integral strategies are found in [45]-[46].

maintains manifest gauge invariance at each order in per-
turbation theory, is

Det |(m? — sx)di; + [ﬁk]lg:| =0, (1.5)

,(Cl) is obtained

where, at one-loop order, the solution s
using

~ 1 1

(1.6)

and then at two-loop order,

T 1 1 1
el = et (md) + oz (s —mi)IL; (m})
1 2
+7(167T2)2H§j>(m§). (1.7)

Formally, the difference between this method and the
method of iterating eq. (1.4) directly is of three-loop
order. However, the tree-level value of mio runs quite
rapidly with the renormalization scale @, so perform-
ing a Taylor series expansion about it is formally valid
but numerically suspect. The difference between these
two methods for computing the pole masses of the Higgs
scalars usually turns out to be small for the real parts,
but the procedure of iterating eq. (1.4) directly gives a
result for the imaginary part of the complex pole mass of
h® that is much more stable with respect to changes in
the renormalization scale Q.

The calculations used in this paper neglect the Yukawa
couplings of the first two families, and the corresponding
soft (scalar)? interactions. Thus, I use as inputs the fol-

lowing 33 ﬁ{lparameters at a specified renormalization
scale Q:

Uu, 'Ud, (18)

g3, 9, 9/7 Yty Yo, Yr (19)
2 2 2 2 2 ;o

MG, M5 My, Mg, Mz, (i=1,2,3) (1.10)

mir,, M, b, (1.11)

M37 MQ; M17 at, ap, Ar, (112)

in the notation of refs. [3, 31]. No assumptions regarding
CP-violating phases are made, so the last 7 parameters
may be complex. The other parameters are always real,
either by definition or by convention, without loss of gen-
erality. This means that the formulas below are valid for
general CP violation in the soft terms of the MSSM, but
neglecting the usual Cabibbo-Kobayashi-Maskawa CP vi-
olating parameter. At tree-level, there is no CP-violation
in the Higgs sector, so one defines tree-level mass eigen-
states ¢) = (h0, HY, GO, A%) and ¢F = (GF, H*) with
the usual CP quantum number assignments. In general,
the self-energy functions then consist of a 4 x 4 matrix
for the neutral scalars ¢?, and a 2 x 2 matrix for (bzi.
The parameters v, and vq are actually redundant; they
are defined to be the Landau gauge vacuum expectation
values of the Higgs fields at the minimum of the two-loop



effective potential evaluated at ). In practice, they can
be taken as given and used to eliminate b and ||, or vice
versa.

The fact that v, and vg minimize the two-loop effective
potential means that the sum of all tadpole diagrams, in-
cluding the tree-level contributions, vanishes identically
through the same order, so that they do not need to be
included explicitly in perturbative calculations. (This is
in contrast to another popular scheme in which one per-
turbs around the minimum of the tree-level potential. In
that case, the tree-level tadpoles vanish, but the sum of
one-loop tadpoles and two-loop tadpoles does not, and so
they must be included explicitly.) In calculating the self-
energies below, I use the Landau gauge for electroweak
bosons, and a general covariant gauge for gluon propa-
gators.

In this paper, I include all one-loop corrections to the
Higgs scalar boson self-energies. The two-loop correc-
tions that are included are of two types. First, I include
all diagrams that involve the QCD coupling g3. This
includes all effects of order:

937, 93Uy, 93Yi. 9397, 9399, 939”7, (1.13)

and those related by replacing one or both powers of y;
or y, by the corresponding soft coupling a; or a,. This
means all diagrams involving the gluon or the gluino, and
also the diagrams involving the four-squark interactions
proportional to g3. Second, I include all diagrams that
do not vanish when the electroweak gauge couplings are
turned off. These include effects proportional to

Y, Yiye, YRUE, wivi, ve. vh viyZ,  (L.14)

and those related by replacing one or more Yukawa cou-
pling(s) by the corresponding soft terms a¢, ap, a,. Also,
I include electroweak effects whenever they contribute to
the same Feynman diagrams as just mentioned. This in-
cludes both explicit factors of g, ¢’ in the scalar couplings
that also involve Yukawa couplings, and implicit factors
in the mixing angles of the Higgs scalars, squarks, slep-
tons, neutralinos and charginos. (It would seem counter-
productive to try to disentangle the latter anyway.) In
the future when all of the two-loop self-energy contribu-
tions become available, it will just be a matter of adding
in the contributions of the Feynman diagrams not consid-
ered here. It follows that some, but not all, effects of or-
der e.g. y2g? are included in the present paper. Thus, the
formal level of approximation is to neglect electroweak ef-
fects not involving gs at two-loop order; but for future
convenience some of them are included anyway. In the
case of the lightest Higgs scalar boson h°, all other two-
loop corrections to the self-energy are included in the
effective potential approximation, as in refs. [30-32].

In much of the parameter space of the MSSM, includ-
ing the decoupling limit for the heavier Higgs scalars, the
scalar h° is predominantly made out of the gauge eigen-
state field that couples to the top quark, while H?, A°,
and H* are predominantly made out of the gauge eigen-
state field that has a Yukawa couplings to the bottom

quark. Therefore, because of the large top mass com-
pared to the other quarks and leptons, the effects detailed
above are generally more significant for A° than for the
other Higgs scalars, at least when tan 8 is moderate.

The Feynman diagram topologies that play a role in
this paper are shown in Figure 1. Each diagram shown
that involves fermions actually refers to several distinct
ones, with chirality-reversing fermion mass insertions in-
serted in all possible ways. For each diagram, there is a
corresponding finite loop integral function, which also in-
cludes the DR counterterms for that diagram. The label
on each diagram refers to that function, strictly follow-
ing the notation and definitions found in [39], which lists
them in terms of the minimal set of basis functions. The
numerical evaluation of the basis functions is in turn de-
scribed in detail in ref. [40].

The rest of this paper is organized as follows. Section
II presents the complete list of three- and four-particle
couplings used in the calculations. The known one-loop
results for the Higgs scalar self-energies are reviewed in
section III. The two-loop self-energy contributions de-
scribed above are given for the neutral Higgs scalars in
IV, and for the charged Higgs scalars in V. Section
VI briefly recounts some consistency checks, and stud-
ies some numerical results for specific model parameters.

II. COUPLINGS

In this section, I provide the list of three- and four-
particle couplings needed in the rest of the paper. The
conventions and notations for the MSSM Lagrangian pa-
rameters and mixing matrices strictly follow those given
in section II of [31], which will not be repeated here for
brevity.

[The signs of some of the couplings listed here do differ
from those listed in section III of [31], namely equations
(3.6)-(3.9), (3.11)-(3.13), (3.27)-(3.33), (3.35)-(3.38), and
(3.44)-(3.47) of that paper. These sign conventions actu-
ally make no difference at all for ref. [31], because three-
particle couplings always appear squared in the two-loop
effective potential. However, the signs are important in
the present paper, and have been chosen to agree con-
sistently with ref. [39]. To avoid confusion, all of the
relevant couplings are listed here.]

The couplings of fermions to the Higgs scalar bosons
@9 = (h°, HO,G°, A%) and ¢ = (G*, H*) are:

Yiigo = yrhugo/V2, (2.1)
wag = ybkd(z;g/\/i (2:2)
Yiego = yrkago/V2, (2.3)
beqaj = _ytkugij (2.4)
YEw; = _ybkd¢j= (2-5)
Y?um; = —kad¢i+. (2.6)
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FIG. 1: The one-loop and two-loop Feynman diagram topologies in this paper, by order of first appearance. Dashed lines are
for scalars, solid lines for fermions, wavy lines for electroweak vector bosons and ghosts, and curly lines for gluons. The label
on each diagram refers to a corresponding renormalized integral function, as defined in ref. [39]. There are 7 one-loop and
40 two-loop distinct topologies here, accounting for fermion mass insertions (indicated below with a bar over the appropriate
subscript F'), but not counting separately diagrams obtained by exchanging external lines or reversing all fermion chiralities.



The fermion-neutralino-sfermion couplings are: bosons are:
i, = ONaFINGBNG @Dy = g VAR + Ky VAURIVE, (229)
Yasian = —2V20'NG/3, (2.8) Yyne0 = (9NE = g'Nj) (kg Njs
Yowa: = (—gNi+9'N;i/3)/V2, (2.9) K}y N7)/2+ (i = ), (2.29)
Yird, = V29'Ni/3, (2.10) Yorsyor = kugrl9Vii N
eNer = —(9Nip+ 9NV, (2.11) +Vis (9N + g' N3 /V2), (2.30)
eNién — V2¢' N}y, (2.12) YorNer = kdqb,f[gUi*lN?’
Yu]\-]iﬂ* = (9N — Q/Ni*l)/\/_ (2.13) - 1‘*2(9]\];2 + glel)/ﬁ]- (2.31)
Yoy = Vv BN G plings of cectroweak gauge bosons o each ofh
Vis, = BiYoman T LN (19 0040 e Higgs scalar bosons ares
Yiwg: = Li Yawa + B Naw.  (2.16)
Yigg, = By Yag.a, + Lo, Nisvs, (2.17) Iwoopt = 19(kagokagt — Kigok,gr)/2, (2.32)
Y5 = LY, §.e + B3 Nisyr, (2.18) 976000 = V92 + g Imlkygoky g0 — kagokjgel/2, (2.33)
Yoy = Releen H I N @) e - g EE (234
The fermion-chargino-sfermion couplings are: Gwweoge = 5i; g2 /2, (2.35)
Yacia, = Yeunr = Yo = 9V, (2:20) Iwweter =0i39°/2, (2.36)
Ve = Yyee = 9Uh, (2.21) 9zzs000 = 0ij(9° + 97) /2, (2.37)
Yoo = LigVii — B Viaue, (2.22) Izz6te- = 0ii(9° — %) /2(0% + ¢), (2.38)
Yo, = LU, (2.23) 92760 = (9° + 9 Relvukgy + vakag] /V2,  (2.39)
Yiew: = Li,9Un — By Upw, (2.24) dwwss = g Re[vukygo + vakag]/V2, (2.40)
Yies, = L szt, (2.25) G agt = €9Wuk, gt — Vakigy)/V2, (2.41)
vGre = L3 gUh = Ry Ubys, (2.26) Gwzsr = —eg (Vuky g — vakgye)/ V2, (2.42)
o = U (2.27) 1 1 1

The neutralino and chargino couplings to Higgs scalar ~ where e = g'g/1/g? + ¢'? is the QED coupling.

The couplings of four Higgs scalar bosons are given by:

Aﬁb?(ﬁ?(ﬁqu;b = (5ZJ5km + 2kud)0kd¢0kd¢+ ku¢+ + 2k ¢0k ¢0ku¢+kd¢ )
+9" (Rugo Fugo = kagokipn) (Rygt kgt — kagr kdqs;)} /8+ (i ), (2.44)

Astororon = (& + 97V @hugpbusrbugs bugy

+ = kuqukdqukuqs;kd(p; — kd@kw;kuﬁkd(ﬂ)ﬂl—i— (u—d). (2.45)
and the couplings of three Higgs scalars are:
Apvsvsy = (6% + g’Q)Re[ku¢ng¢? = Kago kg0l Relk g vu — kagpval /2V2 + (k — i) + (k < )
/\¢’?¢f¢; — {92([Udku¢? + vukd(ﬁ?]kdﬁsz + [vdkzd)? + vuk;ﬁ]kuqukdqbk* + 5ije[vdkd¢? + vukw?])
+g/2[/€d¢j+ Fagt = Fugt kg IRe[vakage — vukugo] }/2V2. (2.46)

The couplings involving sfermions are conveniently written using the quantities ;7 and Y7, defined to be the third
component of weak isospin and the weak hypercharge of the left-handed chiral superfield containing the squark or
slepton f:



‘ ur, d Ve er UR dr  €R
;|12 -2 12 12 0 0 0
Y; | 16 16 -1/2  -1/2  -2/3 1/3 1
Then we have for the couplings of two neutral Higgs scalars to sfermion-antisfermion pairs
Agogoffe = (I;9° — Y;9™)Relkggok} 00— Fugp K ¢?] /2 (2.47)

for the sfermions f of the first and second families and #,, and
Asog0iyis, = Relkugo k2¢g]yf Okm + L, Li Agogoa,ay + Ri, B Agogoanas (2.48)
* 2 * *
>\¢10¢?7:k7~;72 = Re[kdd)(: k2¢?]y72—5km + Lq‘-k Lj;m /\¢?¢?5Lé’i + Rq‘-k R;k:m >\¢?¢(J) (250)

Eréy,
for the other sfermions of the third family. The neutral Higgs-sfermion-antisfermion couplings are similarly given by

)\¢?ff* = (I];g2 — Yfg’2)Re[kd¢?vd — kud)?/uu]/\/i (251)
for the first two families and 7, and by

Agoinis, = V20uyiRelkyo)dkm + Ly, RE (kugoar — Ko t*ye) /V2 + Ry, L (K y007 — kagopye) V2

+Li Li Agoara; + By, Bp Agvagar, (2.52)
Mooiss, = V2vayiRelkagoldim + Ly, By (kagoan — Kigou™yu)/V2 + Ry, Ly (Kjgoay — Kugopys)/V2

L, Ly Agodya; + B, By Agodpds, (2.53)
Aporozs, = V20ayrRelkago]0km + L, RE (kagoar — Ky 1t"yr) [V2 + Re Ly, (Kjg0at — kugopy:)/V2

+L‘7'k L;f_m /\cb?éLé} + Rf—k Rjj_m ACbgéRé*R (254)

for the other third family sfermions. The couplings of pairs of charged Higgs scalars to sfermions of the first two
families are

Aot fie = (I79* + Yfg”)(kw Fugr = kdﬁkd(ﬁ)/z (2.55)
For the sfermions of the third family,

* 2 * 2
)\¢j¢;fkf¢n = R{kR,gm (y; ku(ﬁ ku¢j+ + )\¢f¢;ﬁkﬁ}}) + Lkafm (ybkdqﬁr kd¢j+ + Ad’j‘ﬁ;ﬁLﬁz)’ 2.56

A 2.57

2 2
ororbby, = Lo Ly, Wikugrkugr T Agrg-dndy) T o By WskagrKagr + At o dpar,)»

2
)‘¢i¢;ﬂfﬂ: = (yrkdﬁkdaﬁj + )‘¢f¢;ﬂﬁ*)v 2.58

—~ o~ —~
~— ~— ~— ~—

o 5 * 5 * 2
)‘ﬁaﬁ;%km = Lz L3, )‘quqs;éLéz + Rz R% (yrkd@ kd¢j+ + )‘¢j¢;5Ré’&)- 2.59
The charged Higgs-sfermion-antisfermion couplings are
Mordas = Norepior = 9 (Rygrvu + kyyrva) /2 (2.60)
for the first two families, and

/\Cb:rl;kfi‘n = Ll-)kszm (A¢¢+(1~Lﬂz — yfvuku¢i+ — yfvdkdﬁ) — ngR:fmytyb(kdﬁvu + kuquvd)
—L; R} (kwjat + kdﬁu*yt) - REkam(kdﬁaZ + ku¢i+uyb), (2.61)
Astae = Lz, ()‘aﬁféu?;‘ - yfvdkd¢i+) — R, (kd¢i+ai + ku¢i+uy7). (2.62)

for the third family. The charged Higgs-neutral Higgs-sfermion-antisfermion couplings are

Mpvotdas = Mpvorensr = 9 (Kogohugr + Kagokass)/2V2 (2.63)



for the first two families, and

/\d:?abﬁkt”:n = Ly L, (/\¢°¢+J ay [yfk*¢0k of +y§kd¢°kd¢ﬂ/\/§)
~Ry, Ry yegn(kugokyys + K ¢oku¢+)/\/_ (2.64)
Mppsrroe = LaQgogte, o kadqb?kahb;T/\/_) (2.65)
for the third family.
The sfermion-antisfermion-sfermion-antisfermion couplings in the Lagrangian are written as
1
L= (Fif ) (i), (2.66)
where each combination in parentheses forms a color singlet. Then
J I 2 12,0 /
Affsfudn = Xifrfudn T9 ij RS T T (2.67)
where the non-zero Yukawa F'-term contributions are:
Xipeiis, = Vi (Li B Ry, L+ Ry L} Ly R} ), (2.68)
X en,5e, = s (Ly, By Ry, Ly + Ry Ly Ly By ), (2.69)
Xizrmpn = yT(LTZR* Rz L: + Rﬁ.L*j Lz R: ), (2.70)
Xt = Xz iib; = Vi iR; L Ly, Ri +yp Ly, Ry Ry L (2.71)
Xﬁ.,.f';f'kf/jf = X‘rku Ur T* - yq-R* R‘T'kv (272)
Xl;i??;f'kf'ﬁl - X‘T'kf'ﬁll;ib; = Yyr (Lbi Rli:] R, L‘jf'm + REz sz L, R;f'm)’ (273)
X&l};f%kﬁ: = X%kﬁ:&z}; = (XijjﬂT%;)* = (Xﬁ,.i'ggjfj{)* = yberEiRZjR%k- (2.74)
[
. . 2 2 * . *
The electroweak U(1l)y D-term contributions to ngjl%; = (xék)g]) = ZijLBk/2’ (2.84)

eq. (2.67) are:

ip = Y (2.75)
for the sfermions of the first two families, and
33%],,;2 - ijL;&fk/G — 2R, Rfk/& (2.76)
w5 = L L3, /6 + By 1 /3, (2.77)
Tr7 = —LnLl: 2+ Ry Rz, (2.78)

for the third family sfermions. The SU(2)y D-term con-
tributions to eq. (2.67) are

e 20— M n - _
'u.Ld* dL'u. - xVeeL - :EéLI; - 1/27 (279)
(2) e @ _ @ _ .
fLLd* - dLuL - xﬁeéz - 'ré[‘l-/;k - 1/27 (280)
G 0 _ (3) _ B
aray de* =Tppx = T Teper = /2 (2.81)
for the first two family sfermions, and
1 *
xiik = (xi)t ) = L, LE /2, (2.82)
2= @) = Ly 2, (2.83)

@ @ e s
Lo 7r = (z35:)" = iLl7/2, (2.85)
3 _ *
vy = Li, L}, /2, (2.86)
2. = 1/2, (2.87)
() _ g 7=
w) = ~Ly Ly /2, (2.88)
3  _ *
2O = —LsL: /2. (2.89)

for the third family sfermions. The SU(3). D-term con-
tributions to squark-antisquark-squark-antisquark cou-
plings are not included above, and will be kept track of
separately in the following.

I conclude this section with a few other important con-
ventions to be observed throughout this paper. The sym-
bol f refers to a generic sfermion mass eigenstate. The
symbol ¢ refers only to the 8 first and second family
squarks, (tr,,dr, 4R, dR, L, 81, Cr, Sr), which are always
assumed to be mass eigenstates. Indices i, j are used for
the external Higgs scalars. Indices k, m,n,p,... for vir-
tual particles are always implicitly summed over all pos-
sible values, namely 1,2, 3, 4 for neutral Higgs scalars and
neutralinos, or 1,2 for charged Higgs scalars, charginos,



top squarks, bottom squarks, and tau sleptons, or over
the 21 distinct sfermion mass eigenstates fr. The sym-
bol ny or ny refers to the number of colors, and is al-
ways equal to 3 or 1 in the obvious way. The name
of a particle is always used in place of its renormalized,
tree-level squared mass when appearing as the argument
of a loop function, so for example Mg o7 g (tk, t, tm, ¢, §)

II1.

2 2
, My, m

means 1\/151[,3”,(1712 mf,m ) Each of the in-
tegral functions also has an 1mp1101t dependence on s and
Q, as in ref. [39]. All of the couplings and masses appear-
ing below are tree-level running DR’ parameters in the

MSSM with no particles decoupled.

ONE-LOOP CONTRIBUTIONS TO HIGGS SCALAR BOSON SELF-ENERGIES

In this section, I review the known results for the one-loop self-energies of the Higgs scalar bosons. The Feynman
gauge versions of these formulas can be found in ref. [20], but here we use the Landau gauge results in order to agree

with the two-loop calculation of the effective potential.
For the neutral Higgs scalar bosons ¢? =

Hf;”)w -

1 0
52606060, A0t 09, Bss (0, )
!

s

+2R6[YC+C ¢0Y*+C~,;¢Q]BFF(C;€, Cm) + 2Re[Yé;é7Z¢?Yé$é; ¢?]mékmém

(h07 HO7 G07A0)7

1
5/\¢g¢?¢2¢2AS(¢2) + /\¢g¢;}¢z¢; AS((bZ) + Z nf)‘¢?¢?ff* As (f) + /\¢0¢+ )‘¢0¢+ br B55(¢k 7¢+)

o) + Z nf'/\qb;?ff"* A¢;}f/f*BSS(f7 JE/)

Bﬁ(éku Cm)

+RelY; Nl ¢0Y]:} N, ¢0]BFF(Nk,Nm) +R6[YNkNm¢?YNkNm¢?]mN mNnBﬁ(Nk,Nm)

—|—6Re[ ttqu}/t:(z;U]BFF(t’ t) + GRG[}/tfqb?}/tfng]m?

Brr(ts) + 6Re[Yjg,0 5 ol Brr (b,0)

FOR e[V Vigol 2B (0,5) + 2Re[Yirr g ¥ go | Bie(,7) + 2Re[Y ;o Vo 2B (7, 7)
% J K2 J

1 *
+§gzz¢g¢gAv(Z) + gwweve Av(W) + 2R6[9W¢g¢zgw¢?¢;]BSV(¢Zv w)

1
+926969926949 Bsv (¢4, Z) + 59ZZ¢?9ZZ¢?BVV(Z7 Z) + gww e gww o Bvv (W, W).

(3.1)

In general, this is a 4 X 4 matrix. It has the form of two block-diagonal 2 x 2 matrices in the special case of no
CP violation. The couplings here are as defined in section II. The renormalized and finite loop-integral functions
Ag(x), Ass(z,y), Bss(x,y), Brr(z,y), Bep(z,y), Av(z,y), Bsv(z,y), and Byv (z,y) are explicitly functions of the
tree-level squared masses of the virtual particles in the loops, and they are all also implicitly functions of s. They can

be found in section IIT of ref. [39].
For the charged Higgs scalar bosons ¢1i

L) 1

g0, 05 6 Ao, ot o Bss (@5 ¢

_ 0 + ] -
oror = 3Me000 6t o7 A5 (k) +/\¢j¢:¢;¢;AS(¢k)+Z”f)‘¢j¢;ff*

= (G*, HF), the result is a 2 x 2 matrix:

As(f)
f

—|— an ¢+ff/*)\¢+ j/*BSS(f7 f/)

L

+(YC
+(YC
+3(Y; o be;bj + thqr me

N ¢+Y*

1
+Y?I/ (;57Y?I/ ¢7BFF(O,7-) + ggzz¢+

+9WA¢:rgWA¢;rBVV (07 W) + ng¢jng¢;rBVV (Za W)

Y*+N ¢,Y +Nm¢;)BFF(Ok, Nm)

By (Cr, Nim)

)BFF(tv b) + 3(Y¥b¢j YEw; + thqr Ytbgﬁ)mbmtBﬁ(ta b)

-Av(Z) + gww¢i+¢jf Av (W)

+e 5ZJBSV(¢ O) +gW¢0¢+gW¢O¢+BSV(¢ka )

+
gz¢j¢;gz¢z¢;BSV(¢k . Z)

(3.2)



IV. TWO-LOOP CONTRIBUTIONS TO NEUTRAL HIGGS SCALAR BOSON SELF-ENERGIES

In this section, I present analytical formulas for the contributions to the two-loop self-energies of the neutral Higgs

scalars. These are labeled in the form H;%)d’)é_v, where NV is used to distinguish the various contributions and will be
i

equal to the equation number.

A. Strong contributions

The contributions to the neutral Higgs scalar boson self-energy matrix involving the gluon are:

1G5 = 4g3{ (2RelYirgoVyiolGrr (1) + 2RelYigap Viggo)m? G (1, )

+)‘¢Utkt* )\¢0t i Gss(tk, m) T )‘¢U¢0t i Wsssv (tk, tk, tk, 0)) +(t—0b)
+Z)\¢,o 7 Mvag- Gss (3, 4) + Z)\¢0¢o #Wsssv(q,q,4, 0)}- (4.1)
The functions Grr(z,y), Grp(z,y), and Gss(x,y) are defined in section V of [39]; they follow from the Feynman

diagrams labeled Mprpppyv, Veprprry (with fermion mass insertions in all possible ways) and Mgsssy, Vssssy in
figure 1 of the present paper. The contributions involving the gluino are given by:

WD = 1693 [Rel(ViagoLs, Li,, + Yiigo o, i, gaiutzImiMs psp (B, £ . 9)
—Re[Yizgo Lz, By Aoi,iz ImaMgpspr(te: ttm, t,9)
—RelY;i0 L, RE Aot i ImEmsMsgsggep (ot T, t,.9) | +(. ) | + (6= ), (4.2)
n2s = 1693 { RelY g0 Vigo] [Verrrs(t bt 3.00) +m2V g (h4,4,3, 1)
+2Re[}gf¢gnf¢?]mfvfﬁm(t,t,t,g,fk) ARe[Yyz40 tt¢0]Re[Lth JmemgV e prrs (ot 3, tr)
—2Re[Yizg0Yizgo Ly, B, ImumVgpprs (L tit, 3, 1x)
—2RelYyy0 Voo L, Ri I ms Vs (6:4,4,5, 1) | + (£ = b), (4.3)
Hfﬁ%)qﬁ - Sgg{[A¢§¢?Ek€ZWSSFF(Ek,Ek,t, 3) — 2Re\yogor, i i, R, JmimgW gz (ks fms 1, )
+2Re[Agoz, 7. Ad,?,;mfz]vssspp({k, tons by t, §)

—2Re[)\¢?{k5* /\qb‘,?fnf* (L,ng%F + R{m L;f )]mtmgvsssﬁ(fk, fm, fn, t, g) + (t — b)

—

+Z)\¢0 03¢ Wssrr(d, 4,0, g) + 2ZR6 Ag2d* Ap0g* |Vsssrr(d, qs (juoag)}' (4.4)
q

Finally, the contributions from squark-antisquark-squark-antisquark interactions proportional to g3 are:

2),5 * * *
Hfi,g)d,g = 495{ P‘¢?¢§?£k£:n (L7, Li, — R Ri, )(Lg, Ly — R;

m

R )Xsss(tk, tm, tn)
+2Re[Agor, 7 Agor, iz (Lq, Lf — Ry, Ri )(Lg, Li — Ry R} )|Yssss(tr,tm,tn, 1)

+Ag0r i, Asoiis (Li, If, — Ri, By )(Lg, L, — prR%‘k)Zssss(fkafmafmfp)} +(t—0b)

3 (Aopovaa- Xs55(@.0,8) + Agpaz- Aggaa- Y 5555(@, 4.0, 0) + Zssss(@.6:3.0)) | (45)

B. Yukawa and related contributions

In this section, I present contributions to the neutral Higgs scalar boson two-loop self energy that involve Yukawa
couplings and the corresponding soft (scalar)? interactions, as specified in the Introduction.
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The contributions involving charginos and neutralinos are given by:

H(2)76
#0680

@7
6060

)8
6069

)9
9990

(10
000

H(2),11
6960

2ny [(Re[yﬁgbg )\¢§?£m£;; Yt*]‘wn %}kgm]mz\?k Mspspf(fm, tytn,t, Ni)

‘f‘ReD/tEqa?)‘qsgfmf; (Ytjvkg;nz\?kf; + ngkgmyfzkan)]thSstF({mfatNm,f, Ni)

+Re[Yizgo Ao, i Yiw, iz, Yimz, i my, Mg (tm. b tn t, Nk)) +(o j)} H(t=b)+(t—71), (46)

2[3(RelYizgoNyos, ip Vi Yoy, /6 Mamsr(bms £ £, Cr)

+Re[Yﬁ¢?)\¢?5m5:l (Yt*ékl;i‘l Y;ékl;:n + Y%ykl;m ch—’kl;n)]thSFSFF(b"’ t,bm,t,Cr)

+Re[y;f¢?)‘¢?5ml;:l S/;éki’:n Ygékgn]mfmék MSFSﬁ(bm’ t, bm t, Ck)) + (t — b)
+Re [YTFQB? /\qb?f/ﬁ* Y:ék e Y;ék ,;T]mék MSFSFF(I;T » Ty DT y Ty Ok)

-|—Re[YT;¢g )\¢§?Dz7* ] (lYTék 175

2+ [Yag, 5 P)meMgpgpp(7r, 7, 7, 7, Ch)
AR 50 Moo Y, 6, 52 Vi, 5 ImEme, Mspspp (0r, 7, 0r, 7, ék)} + (i < j), (4.7)
2nt{(|Y,5ng:n

+2Re[Yz40 thqa;?]m%VFFFFs(ta t,t, N, Em)}

kT
A ) Re[Yizgo Vg {Vrrrrs(t,t,t, Nieytm) +miVpgpps (t t,t, Ni tn) }

+2mym g, [Re[ 60 Vitgo Vit Yemin VERFFs (6 6 8 Ny tn)

+2ReYisp0Viggo RelY, 56 Yig,i,, Vrrrrs(t 61, Ny, )

RV 700 Vit Vi s, Vit EVERFR (b ot Ny )| | 4 (6= 1) 4 (¢ = 1), (48)
2y [(|th”k5; 2+ Yo%) (Re[thg}Q%?]{VFFFFS(t, tot, Choy b)) + M2V g (b 1, £, Ciy bn) }
+2Re[Ygg0 Viggomi Vprps (. 1,1, Cr, i?m))

+2mme, (Re [Ytiz;qsg Yt%d)? Yié, b Yie, Bm]VFFF?S (t,t,t, Cr, bm)

+2Re[Yzg0 ViR, 5. i, IV prrrs(ttt, Ch, by

+Re[th¢?th¢?Y;C‘kl~)fnYf(:‘kl;m]mfvms(t’ t, t, C, bm)>} + (t — b) + (t — T), (4.9)
nt{zRe[Ad,gfmf; Agoiin, Vi Yems + Yem, i, Yinyi NV ssspr (b T, 8. 8, Ny)

+2R6[A¢?fmf; >‘¢?fpfjn (}/f]\? }/t]\?k{; + }/{;\N/kap}/;;\}kf; )]mtm]\-[kvsssﬁ(tmv tnv t;Da tv Nk)

kfn
00080 [(Vimei, Viwers + Yow,, Yiwod, ) Wespr (bm, tn, t, Ni)
Vi, i Yim, + Yin, Yiver ) 1emg, Wesrr(tms tns t, Nk)]} T({t—=b)+(t—7)

+|YVN;CD* |2 [2)\&3;,}* )\¢‘]?17T17*VSSSFF(D7—7 Ur, U7, 0, Nk) + )\¢?¢250*WSSFF(D7—7 Ur, 0, Nk)} , (4.10)

= 3{2R€[A¢gi,mi,; Aoty ie, (Yocbs Yicby + Yicyh, Yicys, IV ssser (bm: b, bp, £, Cr)

+2RG[A¢gEmE;§ >\¢;)Bpl~,:n (}/fékl;n }/ték[-;; + }/{gkgp}/;ékl;: )]mtmékVSSSﬁ(bm; b'n,; bp, t; Ok)
+)‘¢?¢?l;ml;jl [(Y;ékl;fn Y:é’kl;; + Y%E'kl;m Y%ékf,n)WSSFF(bma bn7 L Ck)
+(Yicubs, Yicrs, + Yo, Y )76, Ws s (bm, bn, 1, Ok)} } +(t <)

+2,\¢g,;1-,* >\¢955* (|Y76kf/:

2 + |Y?C-'kl77— |2)VSSSFF(ﬂ7'7 ﬁT? DT) T, Ok)

+4A¢?l713* >\¢(J)i;ﬂ* Re[Y?ékl-’r YTékﬂi]meékVSSSﬁ(ﬁT’ ﬁq-, 137-7 T, Ck)

FAg000 e {(Méka;

>+ Yee, o P Wsspr(7r, 07,7, Ck)
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+2Re[Y.

Tckﬂ:

Y.

e Imerme, W g (Ur, U7, 7, Cr)
+2R€[)\¢Qi—m;—* )\¢(]?7~—p-7—72 YV*TC',C*Z YyTék%;]VSSSFF (7~'m, Tn, 7~'p, 0, Ck)
+)\¢0¢07—m7—* YUTC]CT* YU*TCN’k%*WSSFF(%m’ ’7'”, O7 Ck) (411)

The contributions involving virtual Higgs scalar bosons and third-family fermions are:

2),12
Hgbg)d)? - 477/15 Re[ ttd)o tt¢0] |}/tt¢0 | {VFFFFS(t t ta tv (252) + mvaﬁFS(ta tv ta tv (152)}

+2Re] tZ¢OYt¥¢9]|YtE¢0| my Verres(t Lt t, ) +R6[Yt¥¢?yﬁ¢° (Ytzw) ]m?V?FF?S(t’t7t’t7¢2)

+2Re[Yyzg0 tt¢0]Re[( Yizgo) 21miV ppprs(ts bt t, ¢2)+Re[nwgyﬁqsg(ytwg)Q]W?VWS(@tvtat7¢2)

+Re[Yizg0 Viago (Vo) “IMrrrrs(t,t,t,t, 67)/2 + Re[Yiggo t%g]Re[(thg)Q]m?MFFFFS(tatatata¢2)

+Re[Yﬁ¢9Y£¢g] |Y;f¥¢‘; |2m?MFﬁFS(ta t, 1, ¢2) + Re[y;:wgytwg] |Y;:¥¢‘,g |2meFFﬁS (t,t, 1,1, ¢2)

+RelYyz0 Virgo (Yinag ) ImiMarrs (64,8, 60) /2] + (= b) + (¢ = 7), (4.12)
Hgg)d;? _ [(yzdj+ + Y5, ) {Re[Yiigo Vi ) Vrrrps(ttt.b,¢f) +m2V pprps(t 0, 6]

+2Re[Yyzg0 Yol mi Vaprps (b .40, 6) + (t < b)}

+2Y¥b¢k+YBt¢*mtmb{Re[Ythsg’Y;%;’][VFFFFS(tatataba¢k )+ mVippps(t t,t, b, ¢1)]

+2ReYyzg0 VitV s (618, b, 6F) + (¢ b)}}

+2Y2 . {Re] Ym0Vl Verrrs(r,7,7,0 08 ) + M2V pmrps (1.7, 7,0,07)]

+2Re[ TT¢0YT?¢;}]mTV7FfFS(T, 7,7,0,05)}, (4.13)
Hf;?{;,? = 6[( bt +th¢ )mtmb{Re[}/tfqﬁ‘)}/bbd,o]MFﬁFS(bvtabvta o) "‘Re[Yt%?wag]MFFﬁS(tvbatvba or)}

¥t Vg {Rel Yiago Yipgo Mprrrs(t,b,t,b, oF) + mimiMpppps(t, b, t,b, ¢ )]

FRe[Y g0 V0 Mg (b1, b, 8, 6F) + MM (80, £,5, 601} | + (6= ). (4.14)

Contributions involving virtual Higgs scalar bosons and third-family sfermions are:

2),15
H;?>¢? = n; [AW s Ag07a 7 Moy s Ao r, M558 (s s T Fs 8) Mg g0 Ao g0, 5955 (83 s )

+2Re[Agor,, 72 Agor, iz, Agoi iz Moo, i3] Vs ssiss (bms s . g, )
cor 70
+2Re[(Agoz,, iz Ap0p07, iz, + Ag0in iz Ap00t, iz, ) Ae0i, i1 Ussss (bm, tns by, O1)
- . 1 - .
0 0
FAG06070 5 A0 i3 A0, 7, W5 (Ems by Ty, O1) + S AB0Enls Ao) 005, K SSS (tmstn, dk)
+Re[Agor,, ix Ao, is, Mg o0, i3 | Y 5558 (Tms T, T 8R) | + (= B) + (E = 7) + (T — i), (4.15)
@).16 _ o o Y P
H¢g¢? = ng [(/\b?tmt;)‘qﬁ‘]?bqb: +/\¢?tmt;>‘¢?bqb;)/\¢k+bn£;fn>‘¢;rl‘)q,§ZMSSSSS(tm7bnvt bq#%)
+2Re[)\¢?gmg; )‘qbg?fpf;*n ZBIM;: )\d,kﬂ”,q{;]VSSSSS (t’ﬂh tn, tp, blb @f)
A
+2Re[)\¢?5mgrl Ad’?i)pi)fn )\szrl;pf; A¢k+5n£;]VSSSSS (bm, bm bp7 tqa ¢k )
+2Re[(Agog,, 7 A¢Q¢I5p&kﬂ + Ap08,. 8 /\¢$¢I5pftn) ;zg {*]USSSS(tmvtnv by, &)
2R\, 53 Noooth,075 + A5 N0, oy 0,531 Usisss (bms b By 6
T i} S
FAG0608, 15 A 5,8, Apt i WY 5555 (s T b, oF) + A G0 0085 A By Mot b Wissss (bms b, tp, &)
+>\¢?¢?fm£: >\¢I¢;fnf’anSSS (fm, fn; d)z) + 2Re[>‘¢?£mfjb /\¢§?fpfjn >‘¢I¢;£n£;]YSSSS (fmv Env fpa sz_)
PT PopT
FA0608, 55 Aot o B, 558 (b by 07) + 2Re[Agop 5o Agor 5w Mgt 5,50 1Y 5555 (Oms by b, &)
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F2RE 017, 12 N5, 1553 (87 bm,fn)} +(F = 0r,b— 7). (4.16)
Finally, the contributions involving only virtual sfermions are given by:
(2),17 o Y. N 5 F 7
H¢9¢3 = )‘¢?¢9fkf;; (5 G A e e T A e e 1 X888 (fies s fn)
F2ReAgo g 72 Agog e (Vi p Af e g F A o 7 o N Y ss55 (ks s fos f)
TG0 e Ao by VAT e T Ty T A o oo ) E8858 (Fies fins s f)- (4.17)

This expression includes the contributions for the sfermions of the first two families, which only have gauge interactions.
In the numerical results of section VI, only the third-family sfermion contributions from eq. (4.17) are included.

V. TWO-LOOP CONTRIBUTIONS TO CHARGED HIGGS SCALAR BOSON SELF-ENERGIES

In this section, I present analytical formulas for two-loop contributions to the charged Higgs scalar boson self-
(2),N

energies, as specified in the Introduction. They are labeled in the form II P
i P

, where N is the equation number.

A. Strong contributions
The contributions to the two-loop charged Higgs scalar boson self-energy involving the gluon are:

2),1
ne = 4g§([gb o+ Yot T Vo Youg 1G P (8.0) + Vi Vg + Yooy Yt Imemu G (1,0)
+A g+, )\;ﬁkf* Gss(bk, tm) + )\¢_+¢fgkgz Wsssv (ks b, tr, 0) + )\¢,+¢fgkgz Wsssv (bk, b, by, 0)

% m j m 7 J 2 J

+/\¢:rd~ulz /\¢;_r(§Lﬂz [GSS(CZL7 ar) + Gss(Se,¢r)] + Z )\¢i+¢j—qq*W555v(cj, q,q, 0)) (5.1)
q

The contributions involving the gluino are:

2),2 . " = ~ -
¢ f)¢; — 82 mkh{(y& o Ri B+ Yoy L L2 miM o (b, b, s £,9)
+(Y5t¢; L”m Lgk + bequ Rfm ng)mbMSFSfF(Emv 2 i’k’ b, g)

_(YBw; Li, ng + bequ R, Lgk)méMSFSFf(bk’ b,tm,t,9)

_(}/Etgb; Ry Ly + beqajLEngk)mbmtméMS?sﬁ(Bkv byt t, §)} + (i< J)7, (52)
Hfj;, - sgg{(}gbﬁ)@wﬂLBJZ’ + Yo You |Bs, P)Verres(t,5,6,3.5r)

"‘(Yfzuz;j bequ* |Rl§,c |2 + Ym;; Ym;; |L5k |2)m§VFﬁFs(ta b,b, g, Bk)

+(Y¥b¢j YBw; + Y6 Y¥b¢j)mtmeFFst(ta b,b, 3, br)

_Q(Yquzijqub; + YEw; YEtgb; )Re[Lék ng]mbmévFFﬁs(tv b,b,9, Bk)

_(begbj YEt;b; Ly, ng + Ythb; bequ* Ry, Lgk)mtmévaF?s(ta b,b,9, Bk)

_(}/qub;r}%tqb; Ry L + Yiio- Yqua;LEkRZk)m%mtméVWs(tv b,b,9, Bk)} +(t=b, ¢t = 9¢7), (53)
Hfj;, = 893,{ [A(ﬁ o i Wsrr (e B, t.9) = Agr o1, 115, i, + RS, L, JmimgW g (F B, £, )

+(E—=b) + At i )\:;;I;k;:n [Vsssrr (b tm: tm, t,§) + Vsssrr (fm, be, be, b, §)]

_/\¢7i+l~7kffn /\;;rl;kffl (L{m R;fn + Rgm L%‘n )mtmgvsssﬁ(bkv iy oy s g)

_/\qb:rl;mfz ;ﬁnfz (Lgm RBn + Rgm Lgn)mbmngssﬁ(tk, bm, bn, b, g)
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+ Z)\(b;r(bj—qq*WSSFF((ja q, 0,57) + Ad’jahﬁz)\d?ftﬁﬁz [VSSSFF(ﬂL, CZL, CZL, 0,9)

+Vsssrr(dp, i, ir,0,3) + Vsssrr(ér, 51, 51,0,9) + Vsssrr(3L, ér, ér, 0, Q)]}- (5.4)

In eq. (5.2) and in the following, the symbol (i < j)* means the preceding expression with ¢ and j interchanged, and
with complex conjugation applied to all of the couplings but not to the loop-integral functions.
The contributions involving squark-antisquark-squark-antisquark couplings proportional to g3 are:

2),5 . . . . S
H; ij(b; = 495 | N\t o-iyis, (L5, i, — 7 Ry )(Li, L = Ry, R} )Xsss(fifm, fa) + (¢ — D)

(L; Ly, — Ry Ry )Ly, Li — Ry R} )Yssss(fe,bms basby)

At 0T Aot
+>\¢w+l;k£:n ;jgkg* (LtmL* Rfm R%ﬁp)(LG Lgp - R%Fn pr )YSSSS (bka im; ny )

Aty Asrbary (Lo, s, — By, B, ) (L, Li, — By Ry, )Z5555 (Drs Ems b £p)

+ Z >‘¢i¢v; qq Xss5(4:4,9) + )‘qajcimz /\¢jdmz [Yssss(tr, dr,dr, CZL) + YSSSS(JL, Ur,Ur, L)

+Yssss(ér, 80, 50,5) + Yssss (3L, ér,ér,ér) + Zssss(dr,iin, dr, iin) + Zssss (31, ér, 51, ¢0)] | (5.5)

B. Yukawa and related contributions

In this subsection, I present two-loop contributions to the charged Higgs scalar boson self-energies that involve
Yukawa couplings and (scalar)® couplings, as specified in the Introduction.
Contributions involving neutralinos and charginos are given by:

(2),6 _ * ” - - -
o = 3, t*{(thqb Yy, t*Yanbm +Yb¢+YtN 7 Yon, b )M, Mg pgp(te, tbm, b, Nn)

(Y;mb Y;N t*YEJZ\?nB* +Yb¢+YtN th;;N B )mszFSFF(gkvtvbmvban)

+(Y5t¢; }/f]\-fnfk}%}/nl; + Yb¢+}/tN ix }/anl;;*n)thSFS?F (bm’ b, ik, t, Nn)
(warYbN b Yam, i T waY{;Vnt*ijvnbm)mbmtmmMstﬁ(fk,t,bm,b,Nn)}

+)\¢+ YTVT%- Y, Y25 my, MSFSFF(ﬂT’ 0, 7my 75 N

Tm Vi v Ny u*[ TNnTm
Y, 5,7 MeMgpspp(Ur,0, T, 7, No)] + (i < )", (5.6)

2),7 -
i + Yoo, Yoo, Von, 6, *Wrrrrs(t,b,b, Ni, by)

¢:r¢; = 3{(1/%b¢,+y%b¢+|yiﬂ\7kl;*

|2 )mivFﬁFS(tvbuba Nkal;m)

"‘(bew b¢+|YE)Nkbm +Y bt t¢; |YbJ\7k5:n
+(Y%b¢.+YBt¢f + Y6 Ytb¢j)(|Ykaz3* >+ |Y5N,cz}m|2)mbmtvfpﬁps(t7 b,b, Ni, b))
(YthYLtqﬁ Y;}ka Y;}ka + Yiig- qus*YE;N,c YEJNkl;jn)mtmeVfFFfS(tubabuNkubm)

+2(be¢jyfb¢; +th¢*th¢ )Re| kal;;*n}%NkEm]mmekVFFﬁS(t’bvb’Nkabm)
* 2 ~ o~
(Ytwabtqr Ykab* Yb]\?kz} thqb*wa Ykab meg%)mbmtmmvms(ta b, b, N, bm)}

+(t b, o7 @7 )* R Cr {| =57, P VERERs (0,7, 7, Ny, 7im)

| TN’CT* m VFFFFS(O LEXE Nk’Tm) + 2Re[ TNkT* YTNk?m]meNkVFFﬁS(()’Ta T, Nk;%m)

+1Y,, 8,02 VFFFFS(T,O,O,Nk,ﬁT)}, (5.7)
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|2 2)m§VFﬁFS(t7bub7 ékagm)

"‘(bew b¢+|Y;)thm +Y; bto; t¢;|YE;ékf;«n



(2),9
H¢>j¢;

(2),10
H¢>j¢;

(2),11
Hﬁqb;

(2),12
Hﬁqb;

+(}/%b¢+§%t¢f + Y;mz, ng*)(lybékf*

"‘(beqﬁybtqb Yb*ckt* Yb*ckt thqb’Ytbqb*chkt Ybékf;‘n)mtm@kvaFfs(t’b’b’ Cy tm)

2+ Yie, P )memi Vg ppps(t, b,b, Cr, tm)

+2(be¢+yb¢+ + thqb*thqb )RelY, bC i, ch“kt”m]mbmékVFFﬁs(tvb’bv ékvfm)
* * 2 ~ ~
(Ytwabtqr chkt* Ybékf thqb*wachktm}@@ i )mbmtmékVFFFFS(tvb’bv Ckvtm)}

+(t<—>b, ¢+ Hqﬁ*)* —|—Y? TV ¢ {| Ckv.,-| VFFFFS(O T, T, Ck;,VT)

YTékﬁT]meékaFﬁS(O7 T, T, Ck, VT)

’m VFFFFS(O T, T, C’k,VT) + 2RelY.

WV prrrs(T,0,0,C, %m)}u

| Tckl/*

+Y, &

Tcklj*

5%
kETm

= dt s ar | Vi, Vi, Yius, Yinas, ) Wos e (fs o, £, N)

o (Vats, Yimt, + Viar, Yooars )05, Wt (s Bt M) | 4+ (6 = b) + (¢ = 7)

+/\¢j¢;z‘/71§; Y, Non *Wsspr(0r, 0r, 0, Ni),

3{/\¢j5m£;>‘;ﬂ§m£; [(}/tj\/kt YtNkE;; + }/tthn}/tth WVsssrr(bm, NP’ t, Nk)

(Y{;v 7 Y{;vkt + YEN,CE YtNkf*)mtmevsssﬁ(bmat~mt~pa t, Nk)]
At ot [(Vomias Yomose + Yomes, Yomuh, ) Vssspr (bm, b, by, b, Ni)
+(YkaB*lY5Nkb +Yl;\/kb YbN b*)mbmmvsssﬁ@mi’nvi’pabv Nk)]}
At ram Nt 50 (Vrmns Ve + Yo, Yemun, \Vssser (Fr, T T, T Ny)
(Y, fn: Yamer, + YVog s YT*W;)me ¥, VsssTr(r Try T 7, Ni)]

(;71777,7 DT, ﬂTu 07 Nk)7

*
At 7,52 &F Fm Y,

VTNkﬁ:

3{)\¢j¢;5m52‘1 |:(}/tékb* Yt*ckb* + Yt*c - Y:ékl;n)WSSFF(bmubnutack)

+ (Y5, Yiens, + }/;C‘kl-)m}/tz-‘ 5o )1, W g 775 (b b Ok)} } +(t=b)

+/\¢:r¢;17717: [(| Tckv* + ‘ervT| )WSSFF(I;T’ Ur, T, Ok)

+2Re[YTékD; Y?ékl,T]meé Wssﬁ(ﬁﬂ Ur, T, é}c)}
+)\¢j¢;‘7’m‘7’;§YV7—ék7~'* YV CkT*WSSFF(Tma Tn, 0, Ck)

3{A¢:r[~;mf; ;;Emt”* [(}/bc o }/bckt* + chkt }/békf )VSSSFF(bmvtnvt;Dvba Ok)

+ (Ve Yocuis + Yoo, i Yoens, vme, Vssser(bm b, Cy )]
+/\¢j5n£:n>‘;j+gpg:n[(ytc~kb* Yieur, + Y., Yic )VSSSFF( s b, by, £, Cl)

+ Vi Yieys, + Yies, sc*@kwmtm@vsm@m,bmbpvt, ckﬂ}
+)\¢+~ = ¢+- U*[(| Tckl/*|2+| Tckl,7_| )VSSSFF(%muﬂTaﬁTuTuék)
+2Re[y?c~‘kf/ YTékl—,*]m-,—mékVSSSﬁ(%m,ﬁT,ﬁ-,—,T ék)]

gz, ,,*/\w; IR DNCRE S VSSSFF(VT;TanpaO Cr).

Contributions involving virtual Higgs scalar bosons and third-family fermions are:

(2),13
Hasj«»;

3{(be¢jyfb¢j+ + thqr thqb )|Yt¥¢0 |2[VFFFFS(b7ta 232 ¢k) + mtVFFFFs(b t,t,t, (152)]

+2(§/fb¢j§%t¢; + nt¢*yb¢+)|ytt¢0| mbmtVFFFFS(b t,tt ¢k)
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"'[Ytbw YE)th ( m;aﬂ) thqs* wa (Yt&bg )2]mbmtVFFFfs(ba t,t,t, ¢2)
+2 [bequyfwj +Y27t¢7YE)t¢ ]Re[(ytfqag)z]mtvaFﬁs(batatata¢2)

+[Y¥b¢f Ythﬁ; (thaﬁi) thqs’ylub+ (chb%)z]mbmvaFFFS(bv t,t,t, ¢2)} +(teb ¢ =)

+YF1/.,.¢7; Y?u d)f |YT?¢0 | [VFFFFS(Oa T, T, T, ¢2) + mvaﬁFS(Oa T, T, T, ¢2)]
+2YTV o, 7'1/ ¢7R€[( TT¢0) ]m?'VFFﬁS(OvTv T, T, ¢2),

2),14
Hfﬁ)df = 3{[be¢.+y%b¢+ytb¢ + Y5ig- Sf})wd/bw IVerrrs(t,b,b,t, ¢f)

2 1m2 +
+ tho; b¢+Yt¢*+}/bt¢ thqb Ytb¢+] VFﬁFS(tvbabvtagbk)

1Y,
+[ tb¢+Y;)t¢ +th¢ Y;b¢.+][y2¢+ +th¢, ]mbmtVFFFFs(tabvbat@Z)
+[

tbd)*thqb + thdrybw]ytbwybtgrm? [VFFFFs(ta b,b,t, ¢Z) + mgVFFFFS(t’ b, b, ¢Z)]

+2 [Ytbwy bo S + Y;m;r Y;;tqb ]beqb;Ythb; mbmtVFFﬁs(ta b,b,1, ¢Z)} + (t < b, ¢+ = 9¢7)

+Y_

2
Rz YTV7—¢7 Y‘rv.,.qbf

Vrrrrs(0,7,7,0,¢0) + Vrrrrs(7,0,0,7,61)],
H((;);; = 3{(Yzb¢+th¢fY* 0 Yigs0 T Yoo Yoo+ Yeeap Yongp ) Mrrrrs (L, 1, 0,0, o)
+2(be¢+yb¢+ + thqr wa JRelY, tT¢? YbEgbo]mbthFfFfS(t? ,b.b,6%)
+2(}/Eb¢+iffb¢.+ + Y54 th¢ )Rel tt¢oyb¢0]mbthFFFFS(t ,b,b, 7))
FYangt Yot Yizgo Yingy + Yoror Yivsr Yetag Vigao PMpprrs(t 66,0, 67)
(Ytbaﬁ*ybw Yt¢°Yb¢0 + YE)th’quS*Yt;bo Y;:B¢g)m$MFFﬁS(bvbvtata¢g)
(Voo Yina, Yinog Vinog & Yieo: Yanat Yirsg Vg i miMpprps (.4, 0.0.69) }.
Contributions involving virtual Higgs scalars and third-family sfermions are:

FAg b0 [>\¢+¢f5 A Ussss (b by bps 63) + >\*o¢+l~, i >\¢Ofnf*USSSS(Bm7£n7£pa(b%)]

+(Z<_)j) +)\¢+¢ t t*)\¢+¢ t t* SSSS(¢k7 7TL7 )+)\¢+¢ b b*)\¢+¢ b b* SSSS(¢k7E 6 )

TN 07 bty Mgt bty 555 (O bns ) + Mg 1 N, 5y Mo, Aoy Msssss (bum, bn. By

Ayt oini Moo, i Moo, iz, Wssss (b, T Ty, ) + Mot i ;mﬁwssss(fm, Ty by 1)
A0 507,73, X555 (b by 90)/2 + A 7, 10 X555 (Em, B, O1)]

A 7t Pogiaby Mo, is, W55 (0o brs by 00) + Mg 12 A5, 7. Wessiss (b b, Ly, 6
A0 60,5 X555 (Oms by 00)/2 + Nyt 5. 5 X555 (bis b, &)

9%,
g0 605,52 Y5555 (Fms by by 00)/2 + Nyt 5, 5- Ysssis (Ems b by, 6]

b, ;jl?pt”:n [)‘as
(m
FAGH bty Nty |
g 001,53 Y5555 (s Tns T 80)/2 + Ay 752 Y5 by T T 60)] |+ (E = 7,5 = 7).

Finally, contributions involving only virtual sfermions are given by:

(2)17_ o S N F 7 7
quv Aot s Fufn (nf 0 A fe o ds AT T iz ) X558 (fis s [n)

T L Y N r r F 7
+(>\¢jfkf;§1 ¢J+fkf;§ + Aqufnj]: ¢;rfmf;:)(nfknprfmf;fpf; + TLfk)\fmf;fpf;t)YSSSS(fka fmvf’n.a fp)

- _ Y + * . T 7 0
— nt{()\¢-;+bﬂffn [)‘¢;r¢;fmf;)\:;;rl;nEZUSSSS(tmabnatpu¢k ) + A 2¢j5p£:n)‘¢2bpb;Ussss(tm’b"’bp’¢k)]

5 7 10 . T
7 )\¢%5q5:lVSSSSS(tm7 bn, by, by, O1) + )\ﬁgpgs )‘qb,jl?nf; V55555 (tms bn, bp, g, )
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(5.14)

(5.15)

v)

P77 70 . ;o
)\qbgfnfz)\qbzqu;VSSSSS(bmutnutpatqa(bk)+)‘¢;qu2)‘qkarEq{:lVSSSSS(bmu ntp g, &)

(5.16)



At fedn Aot o fs (VR G AT G B AR F o B 25885 (Fis s Frus fp)-
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(5.17)

This expression includes the contributions for the sfermions of the first two families, which only have gauge interactions.
In the numerical results of section VI, only the third-family sfermion contributions from eq. (5.17) are included.

VI. DISCUSSION AND NUMERICAL EXAMPLES

I have carried out several checks on the above expressions. First, the quark/gluon two-loop contributions to the
Higgs scalar boson self-energies had already been computed in refs. [51, 52]. T have checked that my corresponding
results, namely the Grpr and Gz7 terms in egs. (4.1) and (5.1) of the present paper, agree with these, by converting

from the on-shell scheme used there into the DR scheme used here.
Second, I have verified that the self-energy contributions listed above for h°, H?, when evaluated in the limit s — 0,
do correspond precisely to the second derivatives with respect to v,,vq of the appropriate terms in the two-loop

effective potential [31], according to:

H(Q)(O)zl Co —Sa *V @ jov? 92V /ov,0v, Co  Sa
2 \s, co 32V(2)/8vu8vd 82V(2)/8v§ —Sa Co )’

where ¢, = cosa, s, = sina, and the two-loop effective
potential is

_yo L 1y 1
Ver =V A+ gV F (1672)
Third, I have checked that the renormalization group
scale invariance of the pole masses is consistent with the
known two-loop renormalization group equations for the
Lagrangian parameters [37, 53-55] and VEVs [31]. These
checks are quite involved, but follow the same pattern as

given explicitly in the toy model of section VI of [39].
Finally, there are non-realistic limits of the MSSM
in which a global SU(2) symmetry implies the equality
of masses and self-energies of the charged Higgs scalar
bosons G+, H* with two of the neutral scalars. This oc-
curs for y; = yp, ar = ap, quu = m%{d, m%i = mi, and

either:

V@4 (62)

g=9 =0;
9.9 #0,

and neglecting all slepton contributions. I have checked
that in each case, the required equality between neutral
and charged Higgs scalars for the self-energy contribu-
tions of sections IV and V indeed occurs.

The most important application of the results above
is probably to the calculation of the “momentum-
dependent” contributions to the pole mass of the lightest
scalar Higgs boson, h°. Before reporting some numerical
examples, it seems worthwhile to illustrate the role and
rough size of the effects with a simple limiting case that
can be treated analytically. Consider the degenerate de-
coupling limit in which the top squarks and the gluino
have the same mass M, with s < m? < M?, and with
all bottom, tau, and electroweak effects neglected. Then,
at one loop order:

Hglo)ho(s) =22 [P +sP +..]

Uy = vg # 0,
Vy = g = 0,

case 1:

case 2:

(6.3)

(6.1)
[
where
Py = 6M?[InM? — 1] — 6m] [Inm§ — 1]
+12In(M?/m?) (6.4)
P| = 3lnm? + 2, (6.5)
and
InX = In(X/Q?), (6.6)

and we consistently neglect terms of order m?/M?2. Sim-
ilarly, at two-loop order, we obtain from the results of
section IV A, and the analytical expressions of section VI
of ref. [40], and for simplicity keeping only terms of order

93:
o0 (s) = gaycs [Po + 5Py + .. ] (6.7)
where
Py = 32M?[—(InM?)* + 3InM? — 3]
+16m7 [9(Inm3)? — 9lnm7 + 5
—2(InM?)? — 6InM?nm; + 5lnM?], (6.8)
_ _ 44
Py = —12(Inm?)? — 12Inm? + 5

_ 4 .
—4(InM?)* + ghaM2 + 8InM?Inm?. (6.9)

Now, including the tree-level contribution to the squared
mass, one can use the condition

Vet /Ovy = 0 (6.10)

to eliminate the terms proportional to M? in the expres-
sion for the pole squared-mass. One then finds:

yt
1672

Mo pote = My c0s®(28) + —=cZ [mPA; +mjoAl]
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neglecting terms of order y;} and m},/m?, with
Ay = 12In(M?/m?), (6.12)
A} = P, (6.13)

Ay = 32[3(Inm?)? —Inm? — 1 — (InM?)?
—2InM?Inm; + InM?], (6.14)
Ay, = Pj. (6.15)

Choosing the renormalization scale Q = M,

Ay = 12L, (6.16)
Al = 2-3L, (6.17)
Ay = 96L*+ 32L — 32, (6.18)
Ay = —12L0% + 121 + 44/3, (6.19)

where L = In(M?/m?), and as usual the masses and y;

and g3 are DR’ couplings in the MSSM (with the top
quark and the superpartners not decoupled). The terms
A; and Ay agree with the results obtained in eq. (21) of
ref. [22]. The last term, Aj, is a consequence of the new
result obtained under much more general circumstances
in this paper. However, even in this crude limit (which
neglects the important ingredients of top squark mixing
and mass hierarchy), we can see that it is smaller than
one might perhaps have expected. This is both because
the dimensionless number coefficients in the A}, term are
smaller than those in the A, term, and because there is
a significant cancellation between the leading logarithm
squared term and the sub-leading logarithm and constant
term in A). Indeed, the leading-logarithm approximation
to Aj is clearly quite poor unless M is over 1 TeV.

For more precise results in realistic models, it is neces-
sary to keep all of the terms in the two-loop self-energy,
and evaluate the integrals numerically. When computing
the pole mass of h?, it is best to use the following trick for
approximating the full two-loop self-energy. Denote by

Hl(oi)r(s) the sum of the 2 x 2 matrix self-energy contribu-
tions for the neutral Higgs scalars h?, H" found in section
IV. (From here on I only apply the general results above
to specific examples without CP violation.) Then we use
the following expression for the two-loop self-energy:

®)(s) ~ T2, (5) ~ 12,0 + T1P(0),  (6.20)
where the last term is given exactly by eq. (6.1). In
this way, we include all other two-loop self-energy effects
within the effective potential approximation, while avoid-
ing any possibility of double-counting. Eventually, when
all of the remaining diagrams are calculated, this proce-
dure will not be necessary, of course.

For a specific quasi-realistic numerical example, con-
sider the model defined by the following ﬁ{/parameters
at a renormalization group scale Q¢ = 640 GeV:

g =0.36, g =0.65, g3=1.06,
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FIG. 2: The two-loop contributions to Re[ll,on0(s)] —

IT}04,0(0) found in section IV, for the model described in the
text, as a function of the momentum invariant s.

yr = 0.90, y, = 0.13, y, = 0.10, (6.21)
and, in GeV,

My =150, My = 280, Mz = 800,

a; = —600, ap = —150, a, = —40
and, in GeV?,
mg, , = (780)%, m2 , = (740)*, mj, , = (735)%,
mi, , = (280)%, mZ , = (200)%,
mQS (700)%, m3, = (580), m3, = (725)?,
m7, = (270)%, m?2 = (195)%,
my, = —(500)%, m3, = (270)%. (6.22)

The two-loop effective potential is then minimized by:

vy (Qo) = 172 GeV; ve(Qo) = 17.2 GeV, (6.23)
provided the remaining parameters are:
@ =504.18112 GeV, b = (184.22026 GeV)?. (6.24)

Figure 2 shows the two-loop contribution to the quan-
tity Re[Il,0p,0(s)] — ITj040(0) in this model, as a function
of s. The solid line is the total calculated in section IV of
this paper. Various contributions to this are also shown
separately: the part coming from diagrams involving a
top quark loop and a gluon [the Grr and Gzx terms in
eq. (4.1)] are shown as the long-dashed line, the part from
other diagrams involving top (s)quarks and gluinos are
shown as the dot-dashed line, and all of the remaining
contributions are lumped together as the short-dashed
line. This shows that, at least for the subset of contribu-
tions found in this paper, the deviation from the effective
potential approximation comes mostly from top quark
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FIG. 3: The pole mass of h°, computed in various approx-
imations, for the model described in the test, as a function
of the renormalization scale (). In each case, the full one-
loop self-energy is used in the computation. The dashed line
also includes the contributions of the two-loop self-energy in
the effective potential approximation, neglecting electroweak
couplings. The dot-dashed line includes the contributions of
the full two-loop self-energy in the effective potential approx-
imation. The solid line also includes momentum-dependent
contributions to the self-energy, as found in section IV.

loops involving the strong interactions, as one might ex-
pect. The relative proportions from different diagrams
varies rather strongly with the choice of renormalization
scale, but the total has only a small Q-dependence. Dia-
grams involving only squarks contribute less to the quan-
tity Re[IThop0(5)] — Ihopo (0), because s < m?2.

The resulting pole mass of h° is shown in figure 3, as
a function of the choice? of renormalization scale Q. To
make this graph, all of the model parameters including
the VEVs are evolved using the two-loop renormalization
group equations [53] from the defining scale Qo = 640
GeV to the scale Q. The two-loop effective potential
is then required to be minimized, determining the val-
ues of ;1 and b at that scale. Using these parameters as
inputs, the dot-dashed line shows the pole mass as calcu-
lated in the full effective potential approximation, as in
ref. [32]. The solid line shows the improved calculation of
this paper, using eq. (6.20) for the momentum-dependent
self-energy. (For comparison, the dashed line shows the
result within a partial two-loop effective potential ap-

2 To avoid instabilities in the effective potential approximation to
the self-energy [31], only choices of @ leading to positive Gold-
stone boson tree-level squared masses are shown; in this model,
that requirement limits us to @ > 568 GeV. This includes the
geometric mean of the top squark masses, and also the scale
where the sum of the one-loop and two-loop corrections to mg,0
vanishes.
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FIG. 4: The dependence of the h° — bb(g) width, obtained
from the corresponding contributions to the imaginary part

of the pole mass, as a function of the renormalization scale
Q, in various approximations.

proximation [21-23, 28], in which all electroweak effects
involving g, ¢’ are neglected in the two-loop effective po-
tential.) We see that including the s-dependence in the
self-energy lowers the prediction for the pole mass, by
only about 160 MeV in this model, and nearly indepen-
dently of the choice of renormalization scale.

The imaginary part of the pole mass can in principle
be used to obtain the physical decay width of k. The
contribution from various decay channels can be identi-
fied by isolating the imaginary parts due to each one-loop
and two-loop contribution to the self-energy. In fig. 4, 1
show the width corresponding to the decays h® — bb
and h® — bbg. (Not included are spurious imaginary
contributions of the self-energy coming from diagrams
with Goldstone bosons, which arise because we have not
included all of the two-loop self-energy diagrams with
non-zero s.) The dashed line shows the result coming
entirely from the imaginary parts of one-loop bottom-
quark diagrams, but using the (real) two-loop effective
potential approximation in order to get the kinematics
correct by making a reasonable approximation for the
real part of the pole mass s = mi“,polc' The solid line in-
corporates the additional parts from two-loop diagrams,
which therefore includes the effects of gluon emission and
one-loop corrections to the h%bb vertex and the b-quark
propagator. The complex pole mass is obtained by iter-
ation of eq. (1.4). In contrast, the dot-dashed line shows
the same result, but using the method of expanding the
self-energies about the tree-level mass, as in egs. (1.5)-
(1.7). The latter method has a strong @Q-dependence for
the width (although it only makes a difference of at most
a few tens of MeV in the real part of the pole mass).
This is because the tree-level A mass is only close to the
two-loop mass for renormalization scales near ) = 675
GeV. Of course, the Higgs decay width is more accu-
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FIG. 5: The dependence of the computed h° pole mass on the parameter a;, for the model described in the text. The left
panel is the same approximation as the solid line of fig. 3. The right panel shows the change in the h° pole mass induced by
including the momentum-dependent self-energy, compared to the full two-loop effective potential approximation.

rately calculated using other methods (see e.g. [56, 57]
and references therein).

I have checked that comparable results obtain for a va-
riety of other MSSM model parameters, including some
with large tan 3. As one illustration, consider the effect
of the top squark mixing, which is well-known to have a
significant effect on the A mass. Figure 5 shows the de-
pendence of the computed pole mass on the Lagrangian
Higgs-t;-tr coupling parameter a;, keeping all other pa-
rameters (except p and b) fixed to the values given above.
Recall from the definition of ref. [3] or [31] that the off-
diagonal entries in the tree-level top-squark squared-mass
matrix are v, a;—uyrvq. Therefore, the top squark mixing
angle vanishes for a; = py:/tan S (in this model, about
45 GeV). Figure 5 illustrates that the part of the h° pole
mass coming from momentum-dependent effects in the
two-loop self-energy is at most a few hundred MeV, and
often much less.

As a numerical study of the effectiveness of the partial
two-loop self-energy corrections obtained in this paper,
consider the masses of the Goldstone bosons. Because the
self-energies are obtained by expanding the Higgs fields
around VEVs that minimize the Landau gauge two-loop
effective potential, the Goldstone scalars G® and G* are
exactly massless at two loop order. This means that the
matrices

1 1

mipdsy + o510 (0) + 67 s l1,0(0), (6:25)
1 1

m2 b+ =11 o O+ g eIl ,-(0) (6:26)

each have one 0 eigenvalue. In figure 6, I show the
tree-level, one-loop and partial two-loop approximations
to the Goldstone boson mass quantity mg,/\/|m%| as a
function of the choice of renormalization scale Q. Here
m2G is defined to be the lowest eigenvalue of respectively
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FIG. 6: The Goldstone boson mass quantity mg//[m%] in
GeV, in the tree-level, one-loop, and partial two-loop approx-
imations, for the model described in the text, as a function of
the choice of renormalization scale Q. The G° and G¥ lines
are not visually distinguishable at tree-level (dashed) and one-
loop (dot-dashed) order. The partial two-loop result for G°
is the upper solid line and for G¥ is the lower solid line. The
full two-loop result for both G° and G* should be exactly
0 by construction, since the fields are expanded around the
minimum of the Landau gauge two-loop effective potential.

the first term, the first two terms, and all three terms
with TI® replaced by Héd)r, in egs. (6.25) and (6.26).
Here Hl(oa)I is the partial two-loop approximation from
sections IV and V. The effect of the approximation we
have made for the two-loop self-energy is seen to be of
order only tens of GeV? for the Goldstone boson squared
masses at s = 0, and much smaller than for the one-loop
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FIG. 7: The two-loop contributions to the real parts of the
self-energy functions ITzopzo(s) and II4040(s) (found in sec-
tion IV) and I+ - (s) (found in section V), for the model
described in the text, as a function of the momentum invari-
ant s.

and tree-level approximations.

Let us now turn to the effects of the partial two-loop
self energy corrections found in this paper on the heavier
Higgs scalar bosons H*, H°, and A°. These corrections
are typically even smaller than for ", both in relative and
absolute terms, in part because they have a weaker cou-
pling to virtual top (s)quarks, but also because there are
non-trivial cancellations. Figure 7 shows the dependence
of the real parts of the diagonal two-loop self-energies for
H*, H° and A°, as a function of s. Since this model
is not far from the decoupling limit, these nearly form
an isospin doublet, so the self-energy functions have a
similar behavior, especially at larger s. Note that the
AV self-energy has a singular threshold at /s = 2my,
due to the effects of massless gluon exchange. The di-
agrams of the type Vpprpy and Mppppy in Figure 1
cause threshold behavior proportional to (1—s/4m?)~1/2
and In(1 — s/4m?), respectively. If the pole mass were
in the vicinity of this threshold, these singularities would
have to be eliminated by re-summation, a topic beyond
the scope of the present paper. In contrast, the thresh-
old behaviors of the HY self-energy at /s = 2m; and of
the H™ self-energy at /s = m; +m; are continuous (but
not differentiable). In all three cases, I have checked that
there is a significant cancellation between the contribu-
tions of order g3y? and those of order y;. The extent of
this cancellation depends on the choice of renormaliza-
tion scale.

The resulting effect of the partial two-loop self-energies
on the H*, H°, and A° pole masses is rather small. Fig-
ure 8 shows the renormalization scale dependence of the
calculated pole mass for the charged Higgs scalars. Here,
I do not use the trick of incorporating the effective po-
tential results as was done for h” in eq. (6.20), since the
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FIG. 8: The computed H* pole mass for the model described
in the text, in various approximations, as a function of the
renormalization scale ). The dashed line uses the one-loop
effective potential minimization conditions to determine pa-
rameters used in the one-loop self-energy. The dot-dashed
line uses the two-loop effective potential minimizations con-
dition, and the one-loop self-energy. The solid line uses the
two-loop effective potential minimization conditions, and the
partial two-loop self-energy as found in section V.
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FIG. 9: The computed pole masses of A° (lower pair of lines)
and H° (upper pair of lines), for the model described in the
text, as a function of the renormalization scale Q). The ap-
proximations are as in figure 8.

effective potential approximation to the self-energy is not
close to valid for the heavier Higgs scalar bosons. Here
the dashed line shows the result of a purely one-loop cal-
culation, meaning that the parameters u, b are fixed from
the VEVs by using the one-loop effective potential, and
the pole mass is computed using the one-loop self-energy.
The dot-dashed line uses the two-loop effective potential
to fix w, b, but then uses the one-loop self-energy func-



tion to get the pole mass. This is seen to remove much
of the renormalization group scale dependence. Using
the two-loop self-energy contributions as found in this
paper changes the pole mass by only a small amount,
(and actually makes the @-dependence slightly worse).
The change is much smaller than the dependence on Q.
The remaining two-loop diagrams involving electroweak
gauge couplings and perhaps the three-loop contributions
to electroweak symmetry breaking are therefore more im-
portant than the diagrams calculated here for this case,
and in particular should remove most of the remaining
@ dependence in the calculated pole mass. However,
the remaining theoretical error is probably already much
smaller than future experimental uncertainties [6, 58].

Very similar results follow for the A° and H pole
masses. They are shown in Figure 9. The same remarks
apply here as for H*.

VII. OUTLOOK

In this paper, I have presented partial results for the
two-loop self-energy functions of the Higgs scalar bosons
in minimal supersymmetry, in the mass-independent and

supersymimetric DR renormalization scheme. In the
case of the lightest Higgs scalar, h° this allows an
improved calculation of the gauge-invariant pole mass,
which should correspond to the kinematic mass observed
at colliders. The size of the corrections was found in typ-
ical cases to be of order one to a few hundred MeV. This
is significant compared to the eventual experimental un-
certainty to be obtained at the LHC and especially at a
LC.

To make further progress, it will be necessary to in-
clude the remaining two-loop self-energy corrections in-
volving electroweak couplings. This has already been
done in the effective potential approximation [31, 32].
However, it is precisely for these contributions that the
approximation s = 0 is not always a very good one, par-
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ticularly for diagrams in which no momentum routing can
avoid an electroweak gauge boson. Therefore, it will cer-
tainly be necessary to include these contributions in order
to reduce the theoretical uncertainties to acceptable lev-
els. It also seems clear that the leading (e.g. y2g3, y#g3,
and y?) three-loop contributions to the hY pole mass will
be necessary, but can be included in the effective poten-
tial approximation. These corrections can be estimated
in a leading-logarithm approach using the renormaliza-
tion group. However, we have seen above that the non-
logarithmic pieces are not always small compared to the
logarithmic ones.

The size of the two-loop effects found above on the
heavier Higgs boson masses H*, H°, and A° do not seem
to be significant compared to the expected experimental
uncertainties. However, I have not conducted an exhaus-
tive search of all of parameter space, and in any case the
marginal cost in human effort to include all of the Higgs
scalar self-energies at two-loop order is not great, once
the two-loop self-energy for A° is included.

Besides calculations in the Higgs sector, it will be nec-
essary to calculate two-loop corrections for the other su-
perpartner masses in order to interpret the results above
in realistic situations. This issue is particularly acute in
the mass-independent renormalization scheme adopted
here, since e.g. the top-quark Yukawa coupling and the
top-squark tree-level masses are used as inputs, rather
than the physical top-quark and top-squark masses. In
order to make meaningful comparisons with calculations
for the Higgs masses done in the on-shell schemes and to
future experimental constraints or (hopefully) data, the
two-loop mass corrections for the top and bottom quark,
the squarks, and the gluino, at least, will be needed. For-
tunately, these results are definitely not out of reach.

This work was supported by the National Science
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